The host range of Agrobacterium tumefaciens 1D1109, known to induce crown gall only on grapevine (Vitis spp.), was extended to include many plant species by transferring a tumor-inducing plasmid (pTi) from strain lDl, a broad-host-range pathogen. The pTi plasmid was mobilized by the conjugative plasmid pRK2, which was inserted into lDl by mating with Escherichia coli J53(pRK2). The resulting transconjugants were screened for their ability to induce crown gall tumors on hosts other than grapevine by inoculation into sunflower. Transconjugants that were virulent on sunflower were then tested on 36 different host plants and compared with host-limited strain 1D1109 and the donor strain. Two transconjugants induced tumors on the same 28 plant species as those of the original plasmid donor lDl(pRK2) (pTi). These results show that pRK2 promoted transfer of the pTi plasmid and suggest that the pTi plasmid rather than the A. tumefaciens chromosome deternined the host range of the pathogen. Insertion of pRK2 alone did not extend the host range of strain 1D1109. Insertion of pS-a into A. tumefaciens lDl by mating with E. coli J53-1(pS-a) resulted in the concomitant loss of pTi and virulence. There appears to be incompatibility between pTi and pS-a.
pathogen. The pTi plasmid was mobilized by the conjugative plasmid pRK2, which was inserted into lDl by mating with Escherichia coli J53(pRK2). The resulting transconjugants were screened for their ability to induce crown gall tumors on hosts other than grapevine by inoculation into sunflower. Transconjugants that were virulent on sunflower were then tested on 36 different host plants and compared with host-limited strain 1D1109 and the donor strain. Two transconjugants induced tumors on the same 28 plant species as those of the original plasmid donor lDl(pRK2) (pTi). These results show that pRK2 promoted transfer of the pTi plasmid and suggest that the pTi plasmid rather than the A. tumefaciens chromosome deternined the host range of the pathogen. Insertion of pRK2 alone did not extend the host range of strain 1D1109. Insertion of pS-a into A. tumefaciens lDl by mating with E. coli J53-1(pS-a) resulted in the concomitant loss of pTi and virulence. There appears to be incompatibility between pTi and pS-a.
Agrobacterium tumefaciens is best known for its ability to induce crown gall tumors on a variety of plant species representing over 90 plant families (5) . Natural variation in planthost specificities between Agrobacterium strains appears in a host-range index (5) . Preliminary studies in this laboratory have shown that A. tumefaciens C-58 and ACH-5 display host specificity among cowpea varieties (J. C. Dutra, unpublished data). These findings suggest that host specificity may vary with the specific virulence plasmid harbored by a virulent A. tumefaciens strain. Exploration into host range specificity as a plasmid-determined phenotype was approached in the present study through genetic conjugation between A. tumefaciens strains. Results indicate that the tumor-inducing plasmid (pTi) does confer host specificity.
(Parts of this work have appeared in three preliminary reports: J. E. Loper, and C. I. Kado (8) . A rifampinresistant mutant was then selected as described previously (8) . This rifampin-resistant leucine auxotroph was then mated with A. tumefaciens harboring pRK2 that was originally obtained from a cross with Escherichia coli J53(pRK2). A. tumefaciens transconjugants of this cross were selected as described below.
One transconjugant, which was tested for virulence (see below), was used as the pTi donor strain. Strain 1D1109 was isolated from a tumor on a naturally diseased grapevine obtained from W. B. Hewitt. It is host limited to Vitis species. The strain utilizes nopaline but not octopine as its sole carbon or nitrogen source. A neomycin-resistant mutant of this strain was constructed as described earlier (8) .
E. coli J53(pRP4) was obtained from S. Hua, strains J53(pRK2) and J53-1(pS-a) were obtained from N. J. Panopoulos, and strain JC5466(pRP41) was obtained from R. Dixon. Plasmids pRP4, pRK2, and pRP41 are members of the P incompatibility group (2), whereas pS-a belongs to the W incompatibility group (2, 4) . pRP4, pRK2, pS-a, and pRP41 designate plasmids previously referred to in the literature (2) as RP4, RK2, S-a, and RP41, respectively.
Chemicals. Rifampin, kanamycin, tetracycline, and neomycin (Nm) were purchased from Sigma Chemical Co. Disodium carbenicillin was purchased from Roerig (division of Pfizer, Inc.). Streptomycin sulfate was purchased from Nutritional Biochemicals Corp. L-Amino acids were obtained from Sigma Chemical Co. and Calbiochem.
Media. All strains were grown in medium 523 (7). Cultures were maintained on medium 928, which is composed (per liter) of 1 g of yeast extract (Difco Laboratories), 5 g of mannitol, and 23 g of nutrient agar (Difco). Appropriate antibiotics were added to these media for maintaining cultures carrying antibiotic resistance markers. Octopine and nopaline medium consisted (per liter) of either 2 g of octopine (Sigma) or 1 g of nopaline (prepared by J. Dutra), 3 g of K2HPO4, 1 g of NaH2PO4, 0.3 g of MgSO4, and 15 g of agar (Difco). Minimal medium 925 was previously described (8) . Lactose medium was used for detecting the production of 3-ketolactose by A. tumefaciens as described elsewhere (1).
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Phage sensitivity of bacterial strains harbor. ing P-and W-group plasmids. Phages PRR1 and PRD1, originally obtained from R. H. Olsen, were used to test for the presence of pRP4, pRK2, pRP41, and pS-a in strains harboring these plasmids. Assays using these phages were performed according to Olsen et al. (10) and Olsen and Thomas (11) .
Assay of oneogenicity. Sunflower (Helianthus annuus L.) plants, 2 to 3 weeks after being sowed, were used to assay oncogenicity, except as specified in Table 1 VOL. 139, 1979 into stems of sunflower test plants. For host-range studies, all hosts were grown from seeds and inoculated after 3 to 6 weeks of growth.
Conjugation. The E. coli donor and A. tumefaciens recipient bacterial strains listed in Table 2 were grown separately in 10 ml of medium 523 at 30°C on a shaker (225 rpm). Cultures were monitored turbidimetrically with a Klett-Summerson colorimeter equipped with a green filter (no. 54). At 200 Klett units, each donor was mixed with the recipient at a ratio of 1:10, and 0.1-ml amounts were spread on medium 523 agar. After 2 days of incubation at 30°C, the confluent growth on the agar surface was thoroughly suspended in 5 ml of sterile, distilled water. Appropriate dilutions were plated on medium 925 minimal agar containing antibiotics (as specified above) diagnostic for each P incompatibility group plasmid used (2) . Individual amounts (0.1 ml) of the donor and recipient strains were also diluted in distilled water and plated on medium 523 agar containing antibiotics and on medium 925. An A. tumefaciens transconjugant harboring both pTi and pRK2 was used as the donor of pTi. This donor strain, designated 1D1311, therefore has the following phenotype: oncogenic, utilizes octopine, resistant to carbenicillin (100 jig/ml), kanamycin (25 ug/ml), tetracycline (50 jig/ml), and rifampin (50 jg/ml), and requires leucine (20 pg/ ml).
Conjugation between donor strain 1D1311 and recipient strain 1D1109 Nmr, which is unable to grow on octopine medium, was carried out, as outlined above, at 27°C on medium 523 agar. Transconjugants were selected on minimal medium 925 agar containing (per milliliter) 100 ,ug of disodium carbenicillin and 25 pg of kanamycin. They were sensitive to rifampin, produced 3-ketolactose on lactose medium, and were then able to utilize octopine as a nitrogen source. They were screened for oncogenicity on sunflower, a test plant outside the original host range of recipient strain 1D1109 Nmr. Of the 56 transconjugant clones tested, 55 were virulent on sunflower, indicating a high frequency of pTi and pRK2 cotransfer.
Host specificities of two transconjugants, 1D1109-36 and 1D1109-37, each of which harbors pTi and pRK2, were tested. They were compared with those of the parental strains, 1D1311 and 1D1109 Nm', and with 1D1109, which harbored only RK2 and not pTi of the donor strain. Test plants listed in Table 1 were inoculated with each of the above-mentioned strains and transconjugants. After 3 to 4 weeks of growth in an air-conditioned greenhouse, tumor formation on the test hosts was recorded.
Plasmid isolation and characterization. Because we encountered difficulty in obtaining pTi from A. tumefaciens 1D1109, the following procedure was developed that consistently gave good plasmid yields. This procedure was also used for E. coli plasmids. Cells were grown in 75 ml of medium 925 (containing 1% sodium succinate instead of sucrose) at 30°C until the culture turbidity reached 260 Klett units (absorbance at 600 nm = 1.54). The cells were harvested and washed three times with 0.05 M Tris-chloride buffer (pH 8.0) containing 0.05 M NaCl and 0.005 M Na2 EDTA by centrifugation (6, Table 2 were screened for oncogenicity. Transconjugants resulting from the introduction of P-group plasmids pRP4, pRK2, and pRP41 into virulent A. tumefaciens lDl maintained pTi and its phenotypic traits, i.e., octopine utilization and virulence, along with antibiotic phenotypes and sensitivity to phages PRD1 and PRR1 conferred by the introduced P-group plasmid. Introduction of a P-or W-group plasmid from E. coli into A. tumefaciens never instituted virulence in a previously avirulent strain. A. tumefaciens lDi transconjugants harboring pS-a, however, were avirulent. Maintenance of the W-group plasmid, pS-a, into strain lDl apparently interfered with oncogenicity. No pTi plasmid was observed in a transconjugant harboring pS-a, as judged from agarose gel electrophoresis (Fig. 1) . Presence of on July 9, 2017 by guest http://jb.asm.org/ Downloaded from the introduced pS-a plasmid was confirmed by resistance to chloramphenicol, streptomycin, and kanamycin, by sensitivity to phage PRD1 (Table 2) , and by agarose gel electrophoresis (Fig. 1) .
Cotransfer of pTi and pRK2. Oncogenicity selected with the antibiotic resistance markers of pRK2. The presence of pRK2 in transconjugant clones was then confirmed by sensitivity to phages PRR1 and PRD1 and by agarose gel electrophoresis (Fig. 2) . Cotransfer of pTi was detected by screening for octopine utilization and oncogenicity. Strain 1D1109 harbors a pTi plasmid that confers nopaline utilization. This plasmid is apparently not compatible with pTi of 1D1311, since only octopine is utilized by the transconjugants. The pTi plasmid of 1D1109 is slightly smaller than that of 1D1311, as judged by gel electrophoresis (Fig. 2) (Table 3) . They also harbored pTi and pRK2 (Fig. 2) bSwelling on stem, but not gall formation. ' Gall formation is present but smaller than galls induced by inoculation with other strains.
VOL. 139, 1979 on July 9, 2017 by guest http://jb.asm.org/ Downloaded from tested. The host range of the resulting transconjugant 1D1109(pRK2) was identical to that of recipient parent 1D1109. Therefore, the introduction of pRK2 alone into 1D1109 does not extend the host range of the grapevine-specific strain.
DISCUSSION
The most striking aspect of this work is that when the pTi plasmid from broad-host-range strain 1D1311 was transferred to narrow-hostrange strain 1D1109, the host range of lD1109 was greatly extended to that conferred by the plasmid of the donor strain. This finding suggests that host range genes are situated on the pTi plasmid.
In these experiments, the pTi plasmid of the donor appears to be dominant over the pTi of the recipient. However, it should be stressed that selections were made on the basis that transconjugants were oncogenic on sunflower and, therefore, only pTi characteristics of the broad-host-range donor plasmid were selected, giving an impression of dominance.
Plasmid pRK2, like other plasmids of the Pincompatibility group (pRP4, pRP41) (2) is readily transferred into Agrobacterium from E. coli donors. Once harbored in A. tumefaciens lDl, pRK2 promotes the transfer of broad-host-range virulence-conferring pTi. These latter findings confirm and extend those reported by other workers, who used another P-group plasmid, pRP4, to mobilize pTi (3, 6, 13) . The high frequency of pTi-pRK2 coinheritance, as well as the unidirectional transfer of pTi assured by the criteria of transconjugant selection, made the pRK2-promoted pTi transfer an attractive system for this study.
Plasmid pS-a of the W-incompatibility group (2) caused the loss of oncogenicity and of the pTi plasmid when transferred to A. tumefaciens lDl. The mechanism of this phenomenon is unknown at this time. These results suggest incompatibility between pS-a and pTi and Wgroup incompatibility characteristics of pTi. These interesting observations await further studies to determine how pS-a affects the pTi plasmid in A. tumefaciens.
